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Chimeric antigen receptor (CAR)-T cell therapy has exhibited good application prospects in the treatment of hematologic
malignancies. However, there are still many unsolved problems, such as the limited antitumor effect of CAR-T on solid
tumors and the potential risk of CAR-T therapy in clinical applications. In order to meet these challenges, more and more
solutions are proposed.
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| 1. Introduction

In 2017, chimeric antigen receptor (CAR)-T cell products, represented by Kymriah (CTL019) & and Yescarta (KTE-C19)
(2 were approved for marketing by the Food and Drug Administration (FDA), which highlights the therapeutic potential of
CAR-T in hematologic malignancies. However, despite being a promising antitumor candidate, CAR-T still faces many
problems as it continues to encounter sequent obstacles in the treatment of solid tumors. It is difficult for CAR-T cells to
properly migrate and infiltrate into solid tumor sites due to the chemokine mismatches between CAR-T and tumor cells &
and the presence of abnormal vascular ¥ and stromal ® components in the tumor microenvironment (TME).
Subsequently, CAR-T cells entering tumor tissues compete with diverse immunosuppressive cells (e.g., regulatory T cells
and myeloid-derived suppressor cells) BIZ immune checkpoints (e.g., programmed death-ligand 1 [PD-L1]) & and
metabolic checkpoints (e.g., hypoxia and glycolysis) B9 in the TME. Even after successfully entering tumor tissues,
these CAR-T cells have to cope with problems such as tumor antigen heterogeneity and antigen escape 2112 Moreover,
activity reduction and persistence limitation of infused CAR-T products may be the leading cause of tumor recurrence in
hematologic and solid tumors 3. The inevitable immune-mediated toxicity, manifested as cytokine release syndrome
(CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS), is also a critical problem for the clinical
application of CAR-T 4. Although mild patients may present only self-limited symptoms such as fever and hypotension,
life-threatening organ damage and death can also occur, similar to that reported in the P-PSMA-101 study or with the
UCARTCS1 product 151 Although CAR-T products of good manufacturing practice (GMP) grade are currently available,
the CAR-T manufacturing process still needs to be improved to increase clinical access 281, Methods of obtaining T cell
isolation, activation, expansion, and genetic modification more effectively and economically are worth exploring 22181, The
success of CAR-T therapy in cancer treatment traps it into obstacles. Recently, more effective solutions have been
developed and reported. Therefore, in this review, we have discussed and summarized the recent remarkable
improvements and breakthroughs in CAR-T therapy to address the existing challenges (Eigure 1).
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Figure 1. Challenges and optimizations of CAR-T persistence and antitumor properties. CAR—Chimeric antigen receptor;
NKT—Natural killer T; ydT—gamma delta T, CSC—Cancer stem cells; CD—Cluster of differentiation; NKG2DL—Natural
killer group 2 member D ligand; EGFR—Epidermal growth factor receptor; HER2—Human epidermal growth factor



receptor 2; amR—Antibody mimic receptor; scFv—Single-chain variable fragment; 4-1BB (TNFRSF9)—Tumor necrosis
factor receptor superfamily 9; ICOS—Combining inducible costimulatory; ICOSL—Combining inducible costimulatory
ligand; ITAM—Immunoreceptor tyrosine-based activation motif.

| 2. Enhanced Clinical Safety and Accessibility of CAR-T Therapy
2.1. Safety Maintenance of CAR-T Therapy

Adverse effects (AEs) are a major impediment to the effective application of CAR-T therapy. Life-threatening toxicity and
consequent death or treatment abandonment of patients can be commonly seen in clinical trials 9. Just like what Penack
et al. have reviewed, the unique toxicity profile of CAR-T, including CRS, ICANS, cardiotoxicity, pulmonary toxicity,
metabolic complications, secondary macrophage-activation syndrome (sHLH/MAS), and prolonged cytopenia, are also
frequently occurring events in clinical-trial widely utilized CD19 CAR-T therapy (29, Additionally, the personalized
responses of cancer patients to CAR-T toxicity make it a more serious problem 2. CRS, as the most common side effect
of CAR-T, has characteristic clinical symptoms ranging from mild (e.g., flu-like fever, fatigue, and headache) to severe
(e.g., life-threatening multi-organ system failure). Additionally, the positive feedback loop between tumor-antigen binding
CAR-T produced inflammatory cytokines (e.g., TNF-a, IFN-y) and subsequently activated bystander immune cell (e.g.,
macrophages and endothelial cells) released proinflammatory cytokines (e.g., IL-1 and IL-6) is considered as the main
mechanism of CRS occurrence 22, |CANS is the second most common side effect in CAR-T therapy along with CRS or
subsequently, which has a wide range of clinical manifestations, such as language/behavioral disturbance, peripheral
neuropathy, and acute cerebral edema [23l. Although the pathogenesis of ICANS has not been fully understood, blood—
brain barrier (BBB) disruption after high-concentration proinflammatory cytokine induced endothelial activation and the
diffusion of both CAR-T and cytokines into the central nervous system are thought to be the key contributors 24, To solve
these problems, many management strategies, such as accurate grading and intervention, have been adopted to
minimize CAR-T toxicities [22l. Currently an increasing number of safety switches that can directly prevent or block CAR-T
toxicities have been developed to help avoid AEs in clinical cancer patients without weakening CAR-T efficacy, and
remarkable results were observed both preclinically and clinically (251,

2.1.1. The Endogenous Witches

Inhibitory CAR (iCAR), comprised of an scFv targeting normal tissue-specific antigens and a powerful acute inhibitory
signaling domain of immunoinhibitory receptors, is a promising endogenous approach to restrict unwanted AEs in CAR-T
therapy. Fedorov et al. constructed a PD-1 and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)-based iCAR-T and
confirmed its selective and reversible suppression of T cell activity, which provides a dynamic safety switch to prevent
potential on-target off-tumor effects 24, Another example is the killer cell immunoglobulin-like receptor (KIR)/PD-1-based
iCAR (iKP CAR). The anti-CD19 CAR-T integrated with iKP CAR not only exhibited significant cytotoxicity to malignant B

cells but also averted the damage of CD19-positive healthy B cells in vitro and in Burkitt's lymphoma xenograft models
28]

The synthetic Notch (SynNotch) system is another typical endogenous safety switch. When the SynNotch part is activated
by one antigen on tumor cells, the transcription of a CAR structure that recognizes a second tumor antigen is initiated 22,
which allows for a specific activation of these dual-receptor AND-gate CAR-T cells by dual-antigen tumor cells B4, |n
response to fatal bone marrow (containing ROR1* stromal cells) failure caused by ROR1 specific CAR-T in mouse
models, Srivastava et al. designed a CAR-T with a EpCAM or B7-H3 (antigens expressed on ROR1* tumor cells but not
ROR1* stromal cells) specific synNotch receptor to enhance selectivity, which permitted both the safe targeting of tumor
cells sufficiently separated from normal cells and the prevention of potential on-target off-tumor effects 11,

2.1.2. The Exogenous Switches

Small-molecule drugs are the most common choice for exogenous safety switches because they can regulate cellular
function by modulating protein—protein interactions. Safety switches can be divided into on and off types according to their
functions, both of which have been applied to ensure CAR-T safety. Regarding the on-switches, lipocalin-based on-switch
has been reported to be a suitable option for CAR-T as the human retinol binding protein 4 (hRBP4, a member of the
lipocalin family) interacts with engineered hRBP4 binders in the presence of the small molecule A1120 and, thus,
successfully regulated the activity of CAR-T cells 3. Regarding the off-switches, Giordano-Attianese et al. developed a
STOP-CAR-T by incorporating a chemically disruptable heterodimer (CDH) into a synthetic heterodimeric CAR. CDH has
a high-affinity protein interface and can be disrupted by small-molecule drugs, which allows for the dynamic inactivation of
CAR-T under timed administration 23, Another example is an Fms-related tyrosine kinase 3 (FLT3)-specific CAR-T
engineered with a rituximab-responsive off-switch, which effectively guaranteed the recovery of bone marrow after AML
remission 241,



A suicide gene is also a popular choice for safety switches. The inducible caspase 9 (iCasp9) is a well-known suicide
gene that has been incorporated into CAR-T cells to eliminate inappropriately activated CAR-T cells. Gargett et al.
demonstrated the application of AP1903 (a small-molecule dimerizer drug) in triggering rapid apoptosis of CAR-T cells
that are highly expressed by iCasp9 2. Another suicide gene is the herpes simplex virus type 1 thymidine kinase (HSV1-
tk) gene. It has been found to be capable of inducing the suicide of transduced CAR-T cells under the administration of
the prodrug ganciclovir (GCV). Incorporating CAR-T with a mutated-version HSV1-tk gene (sr39tk), Murty et al.
constructed a B7H3-specific sr39tk CAR-T and confirmed its complete ablation in osteosarcoma models after the
intraperitoneal administration of GCV by bioluminescence and positron emission tomography (PET) imaging [2€!.

In addition to these irreversible all-or-none switches, an increasing number of adjustable switches have also been devised
to acquire a more flexible and accurate modulation of CAR-T activity. Through the fusion of CAR into the ligand-induced
degradation (LID) domain, Richman et al. created a novel CAR-LID structure and confirmed its ability to downregulate
CAR expression on demand in the presence of small-molecule ligands in CAR-T-treated tumor models. This is due to the
small-molecule ligand-induced exposure of a cryptic degron within LID, which can further lead to the degradation of CAR-
LID protein and the loss of CAR expression on T cells B4, peptide-specific switchable CAR-T (sCAR-T) is another
promising choice. The bifunctional switch, consisting of a tumor antigen-specific Fab and a peptide neo-epitope, can
exclusively bind to sCAR-T and regulate its activity in a dose-dependent manner. The dynamic activity modulation of
CD19-specific SCAR-T in B cell leukemia xenograft models is a successful example B8, The dose-titratable administration
of the tyrosine kinase inhibitor dasatinib can also achieve dynamic regulation of CAR-T function. It can induce a function-
off state in the CAR structure by restraining the phosphorylation of CD3( and the {-chain of T cell receptor-associated
protein kinase 70 kDa (ZAP70), with complete recovery after discontinuation. A protective effect was confirmed in a CAR-
T-treated CRS mouse model B9, Based on the continuously updated design of safety switches, many platforms have
been established to make CAR-T therapy more reliable, such as the avidity-controlled CAR platform (integrating inducible
and controllable functions into CAR structures) 29, the humanized artificial receptor platform (steering CAR-T by bispecific
targeting molecules) 41, and different universal CAR platforms [42][43](44],

2.2. Accessibility Increase of CAR-T Therapy
2.2.1. Acquisition of T Cells

Currently, autologous T cells are the main source of CAR-T cells. However, the high cost and complicated acquisition
process and the limited availability of T cells from immunosuppressive or immunodeficient cancer patients restrict the wide
clinical application of autologous CAR-T therapy 43, Developing techniques with both high efficiency and low cost to
separate T cells is one of the solutions. DNA aptamers, for example, have been reported to be effective tools to achieve
high-purity T cell isolation. Kacherovsky et al. have confirmed that DNA aptamers can help isolate pure and traceless
CD8-T cells at low cost and with high yield; CAR-T cells derived from these cells were comparable to antibody-isolated
CAR-T cells in terms of proliferation, phenotype, and efficacy in B cell lymphoma mouse models ¥, Exploration of
allogeneic universal CAR-T cells is another potential strategy “Z. Peripheral blood mononuclear cells (PBMCs) from
healthy donors, umbilical cord blood (UCB), and induced pluripotent stem cells (iPSCs) are currently the main allogeneic
sources 48], Among these, FT819, an iPSC-derived off-the-shelf CAR-T product, has emerged as a promising option 49, |t
is a novel CD19 CAR-T designed by Fate Therapeutics, which encodes CAR with a single immunoreceptor tyrosine-
based activation motif (1XX) to balance the effector and memory programs of CAR-T BY. |t was inserted into the T cell
receptor alpha constant (TRAC) locus to delay the differentiation and exhaustion of CAR-T B and edited for TCR-
expression elimination through the bi-allelic disruption of TRAC to mitigate the risk of GvHD 52, According to a report at
the 2019 ASH annual meeting, FT819 CAR-T has exhibited superior antitumor efficacy and survival compared to primary
CD19 CAR-T in pre-clinical models, providing support for the subsequent first-of-kind phase | clinical trial (231,

2.2.2. Optimization of CAR-T Manufacturing Process

Currently, viral vector-mediated semi-random DNA integration is the main approach for expressing CAR structures on T
cells B4, However, the complex and expensive manufacturing processes of viral vectors, cumbersome production, quality
control steps of viral vector-transfected CAR-T, and inevitable long-term monitoring of unanticipated side effects also limit
its wide clinical application. In view of this, non-viral delivery systems with low-cost and high-safety properties have
emerged as a better choice 55,

PiggyBac (PB) and Sleeping Beauty (SB) transposon systems, CRISPR system (clustered regularly interspaced short
palindromic repeat)-mediated site-directed integration, and mRNA carriers are all popular non-viral methods with
confirmed effectiveness in CAR-T transfection; the latest improvement in each has further optimized their efficacy in CAR-
T manufacturing. For PB, Bishop et al. reported that doDNA, a minimal DNA vector lacking undesirable plasmid features,
may be a viable alternative in PB-mediated CAR-T generation with lower risks and costs for clinical application 28!,



Meanwhile, Querques et al. constructed a high-solubility SB transposase (hsSB) based on the crystal structure of the
hyperactive SB100X variant to overcome uncontrolled transposase activity and further confirmed that hsSB could
generate CAR-T cells with superior antitumor efficacy in the absence of transfection reagents B4, CRISPR-Cas9-
mediated CAR-T construction with endogenous gene disruption is another optimization. For example, a CD19 CAR-T
integrating CAR to the PD1 locus not only exhibited significant antitumor efficacy in pre-clinical models but also presented
safety and effectiveness in r/r aggressive B-cell non-Hodgkin lymphoma (B-NHL) patients in investigator-initiated clinical
trials (I1Ts) 58], Moreover, compared to the Cas9-based approach, the AAV-Cpfl system (combining adeno-associated
virus with CRISPR-Cpfl) has been reported to be more efficient in generating double knockings in CAR-T cells. An
example is CD22-specific AAV-Cpfl KIKO CAR-T, a CAR-T product with homology-directed repair knockin and immune
checkpoint knockout, which has exhibited lower-level exhaustion markers but comparable tumor control effect with regard
to Cas9 CAR-T B2 Targeted mRNA nanocarriers are absorbent owing to their simplicity. By simply mixing them with
lymphocytes, these mRNA nanocarriers can efficiently mediate the genome editing of CAR-T cells, during which the
disruption of TCR or the transformation of the central memory phenotype can also be achieved 9.
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